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Although duration-tuned neurons are found in the inferior colliculus of bats (4), present evidence is not sufficient to rule out the possibility that duration tuning is generated at an earlier stage. The inferior colliculus is an integration center that receives the parallel inputs of auditory pathways from the lower brainstem (5, 6). The prominence of inhibition in the inferior colliculus (7) suggests that duration tuning is controlled by neural inhibitory mechanisms. However, there has been no evidence to support this idea. This report provides evidence that duration tuning is constructed in the inferior colliculus through the interaction of excitatory and inhibitory inputs that are temporally offset from one another.
We recorded from single neurons in the inferior colliculus and in the cochlear nucleus of awake big brown bats (8). We systematically varied sound duration in order to determine whether a neuron responded more to some durations than to others. None of the 62 neurons sampled in the cochlear nucleus showed a preference for specific durations, but 45 of the 136 neurons in the inferior colliculus did (Fig.  1 ). Of these, 26 responded best to pure tones and 19 to frequency-modulated (FM) sweeps. When FM stimuli were presented, the FM depth was held constant; thus, when duration lengthened, the FM rate decreased. We cannot rule out the possibility that FM-sensitive neurons were tuned to FM rate rather than to FM duration. However, neurons that could be driven by both pure tones and FM sweeps were tuned to longer durations for FM sweeps than for tones. This observation suggests that these neurons responded to the duration of their best excitatory frequency within the sweep. Further studies that systematically vary FM rate, depth, and duration would be necessary to determine whether the response is to FM rate or to duration of a frequency component in the FM sounds. We include the data on these neurons (Fig. 1B) because they are tuned to one or more time-varying parameters of FM sounds, and this tuning is constructed in the inferior colliculus.
The "best duration"-the duration to which a neuron responded with the maximum number of spikes-was usually within the range of durations found in echolocation sounds; the exceptionally long best durations were within the duration of communication sounds (9). All duration-tuned neurons responded transiently with one or a few spikes. Multiple spikes per stimulus usually occurred only at the best duration. For' neurons tested at different sound intensities, duration tuning shifted only slightly, usually to a shorter duration. All durationtuned neurons were located in the caudal half of the inferior colliculus. For neurons that responded to pure tones, the range of best frequencies was 23 to 64 kHz; they were not sharply tuned to frequency (6). The absence of duration-tuned neurons in the cochlear nucleus, together with the observation that we have not found duration-tuned neurons in the nuclei of the lateral lemniscus or superior olives (10), support the idea that duration tuning is a property of the inferior colliculus.
To investigate further, we applied antagonists of y-aminobutyric acid (GABA) or of glycine, two inhibitory transmitters used in the inferior colliculus (7). Twenty-one duration-tuned cells were tested with blockers of GABA or glycine or both. The duration tuning of 16 of these cells was altered by the blockage of inhibition (I 1). Two examples are shown (Fig. 2) . For both neurons, application of bicuculline, a GABA antagonist, eliminated duration tuning. Application of strychnine, a glycine antagonist, almost completely eliminated duration tuning; there was still a slightly stronger response to the control best duration. The fact that application of either antagonist eliminated or greatly reduced duration tuning suggests that both GABA-and glycine-containing inputs contribute to this tuning. Preliminary observations made with whole-cell patch-clamp techniques (12) suggested that duration tuning is generated by the temporal dynamics of excitatory and inhibitory inputs to cells in the inferior colliculus. A cell's initial response to sound was always an outward current. For a cell tuned between 10 and 20 ms, at stimulus offset, there was a large inward current that was greatest for short sound durations (Fig.  3) . Because the space clamp was incomplete, the cell fired action potentials and frequently fired several spikes in response to the 10-and 20-ms tones. It was not possible to tell whether the outward current that followed the spikes was evoked by the stimulus or was a consequence of the preceding depolarization. Recordings of response to 40-ms stimuli at 10 dB above the threshold for evoked spikes (bottom trace) and at the threshold indicated that the initial outward current lasted no more than -12 ms (8 to 20 ms from stimulus onset), with a peak at -12 ms. The effects of varying stimulus duration suggested that the outward current was limited by excitatory input that arrived after 12 ms.
These results suggest a model for the computation of sound duration. Inhibitory input arrives first and is sustained for the duration of the stimulus. At stimulus offset, there is a "rebound" from inhibition, which in itself is insufficient to produce a spike. Excitatory input is transient and it is delayed relative to the stimulus onset; in itself it is also insufficient to produce a spike. However, if the delayed excitation coincides with the rebound from inhibition, a spike occurs. This coincidence will depend on the duration of the stimulus (13). For the cell illustrated (Fig. 3) , the rebound from inhibition, measured from sound offset, starts at about 8 ms, peaks at 13 ms, and is over by 18 ms. We assume that the excitation has a constant latency of about 15 ms, rises sharply to peak at 20 ms, and trails off gradually. At a sound duration of 5 ms, the rebound peaks at 18 ms, which is 
Methods of surgery and extracellular recording
were the same as those described previously (6, 10) and were conducted in accordance with institutional guidelines. In anesthetized bats, a metal post was attached to the skull, and a small hole was made in the skull overlying the inferior colliculus. After recovery from anesthesia, the bat was placed in a comfortable restraining device, and the post was secured to a stereotactic device. All physiological recordings were made while the bat was unanesthetized. The experiment was terminated if the bat showed any signs of discomfort. All parameters of the stimuli were controlled by computer and were generated by a digital-to-analog converter. The rise-fall times were 0.5 or 0.25 ms. The stimuli always started at the zero crossing point of the sine wave. Stimuli were presented at a rate of three per second. While searching for neurons, stimulus frequency and duration were varied; pure tones, FM sweeps, and noises were used. Twenty, 50, or 100 trials were presented at each stimulus duration tested, spike response times were digitized, and spike counts were recorded. To administer blockers of inhibitory transmitters, we glued a recording electrode to a five After collecting control data, we administered bicuculline or strychnine by iontophoresis (20 to 120 nA), the cell was tested again at the same stimulus durations, administration of the drug was terminated, the cell was tested for recovery at some sound durations, and the drug not administered in the first test was applied. 9. The, best duration ranged from 1 to 30 ms for neurons that responded best to pure tones; most (20 out of 26) were tuned to durations of 5 ms or less. The best duration for neurons that responded best to FM sweeps ranged from 3 to 75 ms; most (13 out of 19) were tuned to durations between 3 and 8 ms. Although some best durations were longer than the longest echolocation sounds, they were still within the range of communication sounds. 
